
AEDC-T~-77 -52 ARCHIVE COllY 
DO NOT LOAN. ~,\ 

Prepared for 

A SURVEY OF TRANSITION RESEARCH AT AEDC 

ARNOLD ENGINEERING DEVELOPMENT CENTER 
AIR FORCE SYSTEMS COMMAND 

ARNOLD AIR FORCE STATION, TENNESSEE 37389 

July 1977 

Final Report for Period July 1956 - September 1976 

Approved for public release; distribution unlimited. 

DEPUTY FOR OPERATIONS 
ARNOLD ENGINEERING DEVELOPMENT CENTER 
AI R FORCE SYSTEMS COMMAND 
ARNOLD AIR FORCE STATION, TENNESSEE 37389 



---
NOTICES 

When U. S. Government drawings specifications, or other data are used for 
any purpose other than a definitely related Government procurement 
operation, the Government thereby incurs no responsibility nor any 
obligation whatsoever, and the fact that the Government may have 
formulated, furnished, or in any way supplied the said drawings, 
specifications, or other data, is not to be regarded by implication or 
otherwise, or in any manner licensing the holder or any other person or 
corporation, or conveying any rights or permission to manufacture, use, or 
sell any patented invention that may in any way be related thereto. 

Qualified users may obtain copies of this report from the Defense 
Documentation Center. 

References to named commercial products in this report are not to be 
considered in any sense as an endorsement of the product by the United 
States Air Force or the Government. 

This report has been reviewed by the Information Office (01) and is releasable 
to the National Technical Information Service (NTIS). At NTIS, it will be 
available to the general public, including foreign nations. 

APPROVAL STATEMENT 

This technical report has been reviewed and is approved for publication. 

FOR THE COMMANDER 

Ilt~~/t -!: ~ 
F~;iONEY 0ALEXANDER ALAN L DEVEREAUX 

Research Division Colonel. USAF 
Directorate of Test Engineering Deputy for Operations 
Deputy for Operations 



UNCLASSIFIED
 
READ INSTRUCTIONS REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM 

1 REPOR1 NUMBER 3. RECIPIEN1"S CATALOG NUMBER[2 GO\lT ACCESSION NO. 

AEDC-TR-77-52 
4. TITLE (and SubtJtle) 5 TYPE OF REPOR1 to PERIOO COVEREO 

Final Report for Period JulyA SURVEY OF TRANSITION RESEARCH AT AEDC 
1956 - September 1976 
6. PERFORMING ORG. REPORT NUMBER 

8 CONTRACT OR GRANT NUMBER(.)7. AU THORI.) 

Jack D. Whitfield and N. Sam Dougherty, Jr., 
ARO, Inc. 

10.	 PROGRAM ELEMENT. PROJECT, TASK 
AREA to WORK UNIT NUMBERS 

9 PERFORMING ORGANIZATION NAME AND ADDRESS 

Arnold Engineering Development Center 
Air Force Systems Command Program Element 65807F
 
IArnold Air Force Station Tennessee 37389
 

12.	 REPORT DATE11.	 CONTROLLING OFFICE NAME AND ADDRESS 

Arnold Engineering Development Center (XRFIS) July 1977 
13.	 NUMBER OF PAGESArnold Air Force Station, Tennessee 37389
 

61
 
14	 MONITORING AGENCY NAME 8: AOORESS(Jt different ,,.om ControJtlng GUice) 15.	 SECURITY CLASS. (of this report) 

UNCLASSIFIED 

IS.	 OECLASSIFICATION DOWNGRADING 

SCHEDULE N/ A 

16	 DISTRIBUTION STATEMENT (ol/hle Report) 

Approved for public release; distribution unlimited. 

17.	 DISTRIBUTION STATEMENT (o/the _betr.c( entftted in Block 20, If dlff,uent/rom Report) 

18	 5UPPLEMFNTARV NOTES 

A vailable in DDC 

-
19.	 KEY WORDS (Continue on Iftverae s;de H necessary and Jdenrlly by bJock numbe,) 

conical bodies aeroballistics supersonic flow
 
boundary layer transition ranges(facilities) hypersonic flow
 
Reynolds number pressure
 
wind tunnel tests variations
 

20.	 ABSTRACT (Continue on r e ver ee .;de If ne c••••,y end Identify by block number) 

This report presents a survey of experimental research on transition Reynolds numbers 
conducted in a large number of ground test facilities. Facilities surveyed included 
primary wind tunnels used for aerodynamic testing at subsonic, transonic, supersonic, 
and hypersonic conditions. Measurements have been made on cones and planar bodies, 
flat plates and hollow cylinders. This report traces the work using cones, which has 
been more extensive. The primary motivation for this research spanning nearly 20 

EDITION OF 1 NOV 65 IS OBSOLETEDO FORM 1473I JAN 73 

UNCLASSIFIED 



-------

UNCLASSIFIED 

20. ABSTRACT (Continued) 

years has been to verify the adequacy of the facilities to simulate flight conditions. This 
necessarily entailed the study of free-stream disturbances in wind tunnels and the role 
these disturbances play in altering transition Reynolds number which must be considered 
when scaling Reynolds-number-sensitive data. Results presented include current experi­
mental efforts as recent as September 1976. In addition to the cited references, a 
bibliography of relevant publications from AEDC has been included. 

UNCLASSIFIED
 



AEDC-TR-77-52 

PREFACE 

The research reported herein was conducted at the Arnold Engi­
neering Development Center (AEDC), Air Force Systems Command 
(AFSC), under Program Element 65807F. The results were obtained 
by ARO, Inc., AEDC Division (a Sverdrup Corporation Company), 
operating contractor for AEDC, AFSC, Arnold Air Force Station, 
Tennessee, under ARO Project No. P32A-G2A. The authors of this 
report were Dr. Jack D. Whitfield, Executive Vice President, ARO, 
Inc., and N. Sam Dougherty, Jr., Research Engineer, Propulsion 
Wind Tunnel Facility, ARO, Inc. The manuscript (ARO Control No. 
ARO-PWT-TR-77 -24) was submitted for publication on April 6, 1977. 

This report was initially published as an invited paper at the 
AGARD Fluid Dynamics Panel Symposium on Laminar-Turbulent 
Transition held at the Technical University of Denmark, Lyngby, 
Denmark, 2-4 May 1977 and appears as Paper No. 25 in AGARD 
Conference Preprint No. 224. 
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1.0 INTRODUCTION
 

The significance of Reynolds number to the scaling of aerodynamic 
test results between wind tunnels and free flight is well recognized by 
all those who base engineering design upon experimental data. How­
ever, such scaling, in general, cannot always be based simply upon 
direct ratios of the above quantities without some error being intro­
duced in the assumption of similitude. Viscous effects are cumulative 
in the boundary-layer growth on a body and may contain interactions 
with shock waves and separation as significant features of certain 
transonic and supersonic flows encountered in modern-day aerody­
namic testing. Also the location of laminar-to-turbulent transition 
on the body will have possibly significant influence on all of the latter 
events in the flow. The transition Reynolds number, (U xT)/v , isoo oo

therefore a key parameter in the overall similitude of flows. 

An often-employed practice in wind tunnel testing is to fix transi­
tion by means of artificial tripping devices. This is done in cases 
where it is not possible to match flight Reynolds number on small­
scale models in wind tunnels, and it is necessary to resort to a com­
promise condition approximating gross features of the flow (shock 
waves, separated regions) even though properties of the turbulent 
boundary layer are not the same on the model as on the full-scale 
body. A consequence of such practice can be that the turbulent skin 
friction, Cf, is altered in the turbulent regions, thereby requiring 
some analytical correction to skin-friction drag data. The experi­
menter might resort to some well-known flat-plate skin-friction 
value for his test Reynolds number, compute skin-friction drag for 
the particular body shape involved, to be subtracted from the total 
drag and then added back in at the flight Reynolds number for which 
there is a lower value of flat plate Cf. The accuracy of such a tech­
nique of extrapolation depends upon the degree of similitude afforded 
by the artificial trip and the methods of computation. In supersonic 
and hypersonic flows it is imperative that conditions for transition 
location on a body be nearly matched to those that would occur in 
free flight because of the high rates of heat transfer involved and the 
controlling influence of transition on forces experienced by the body. 
Accordingly, transition Reynolds number considerations are always 
important to the experimentalist in aerodynamics and must be con­
sidered in planning experiments. 

5
 



AEDC·TR-77-52 

In cases of free transition, one cannot expect a constancy to exist 
in transition Reynolds number [CDooxT)!voo] relative to the character­
istic length Reynolds number [CDJref)!Voo] . This fact was recog­
nized early at the Arnold Engineering Development Center CAEDC) 
by Potter and Whitfield (Ref. 1) in the uncovering of a unit Reynolds 
number effect on transition sensitive data. In subsequent studies, 
Whitfield and Potter (Ref. 2) proposed that the unit Reynolds number, 
»J»: with dimension l!unit length, was an important parameter in 
boundary-layer stability. Reshotko (Ref. 3) and Morkovin (Ref. 4) 
have discussed how there could be possibly many factors combining 
in complex ways to produce effects of unit Reynolds numbers which 
have been observed. Precisely how transition Reynolds numbers 
vary in wind tunnels with Mach number and unit Reynolds number is 
important to the conduct of aerodynamic testing with free transition. 
The possibility of vast differences in transition Reynolds number 
between wind tunnel and free flight is somewhat disturbing. The 
lack of precise knowledge about the behavior of artificial trip devices 
in all types of flow environments is also disturbing. 

Wind tunnel flows suffer from the fact that there are inherent free­
stream disturbances - noise and turbulence - in the test section which 
are not representative of the environment found in free flight. These 
disturbances, furthermore, can be peculiar to the particular facility 
or class of facilities as to amplitude and frequency composition. 
Among the significant questions remaining to be answered in regard 
to similitude are what influence do these disturbances have on Reynolds 
number scaling and does the degree of influence vary from one facility 
to another. The primary interest in boundary-layer transition at AEDC 
grew from the need to verify the adequacy of its high-speed facilities 
to simulate free-flight conditions. The level of disturbances in the 
wind tunnel flow are related to the degree of degradation in flow quality 
if the absence of disturbances can be construed as indicative of pure 
flow. Since disturbances in free-stream flow influence transition, 
measurements of transition Reynolds number, it was dec ided, could 
serve to provide a quantification of flow quality. Should these measure­
ments be further correlated to direct measurements of the disturbances 
present in wind tunnels, then there might be some basis for use in plan­
ning experiments and interpreting test data. Accordingly, transition 
Reynolds number measurements have been made in the transonic, 
supersonic, and hypersonic wind tunnels at AEDC. The philosophy 
employed was much the same as that employed with the "turbulence 
sphere" in low- speed facilities where changes in sphere drag coefficient 
as a function of ReD reflected turbulence level in the wind tunnel. 
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Morkovin (Ref. 4) has pointed out that correlation experiments on 
boundary-layer transition should be performed on the simplest of 
bodies, i , e., flat plates or cones, and that in all cases an adequate 
documentation of the facility disturbance environment is essential to 
the understanding of the results. It should also be recognized that 
the flight environment is not absolutely disturbance-free, atmospheric 
conditions vary with time and with geographic location, and values of 
transition Reynolds number for flight through the atmosphere are not 
known to good accuracy. Consider the flight data cited by Beckwith 
et al , in Ref. 5 at Moo =2.0, for instance, and one finds scatter in 
the measurements from 3.0 x 106 to 40 x 10 6 for the length transition 
Reynolds number given from several experiments. Such scatter in 
flight data on transition might be attributable in large part to the degree 
of difficulty in holding test conditions constant and repeatable in flight. 
It is particularly difficult to hold the body attitude constant and to meas­
ure incidence angles with good accuracy with even moderate atmospheric 
turbulence. Because so many factors can influence transition, if good 
correlation from one wind tunnel to another and from wind tunnel to 
flight is to be realized, the best results should be obtained on a single 
body of simple geometry with standardization and thorough documenta­
tion of experimental methods and instrumentation. 

Recognizing that tunnel-to-tunnel correlation must be broad in scope 
lest possible effects peculiar to anyone tunnel be allowed to obscure the 
results, investigators conducted experiments on transition outside AEDC 
in a number of other facilities. Measurements were correlated by Pate 
(Ref. 6) and Pate and Schueler (Ref. 7) in some ten different facilities 
at M c5 from 3.0 to 8.0 on cones and planar bodies at zero incidence. 
Pate and Schueler were able to show in wind tunnels ranging from I-ft 
x I-ft to 16-ft x 16-ft size at these Mach numbers that the tunnel wall 
boundary layer had controlling influence on transition Reynolds number. 
It was thus inferred that the sound field radiated by turbulent boundary 
layers in wind tunnels dominated the free-disturbance spectra which 
influenced transition. Tunnel-to-tunnel correlation was later extended 
by Credle and Carleton (Ref. 8) and by Dougherty and Steinle (Ref. 9) 
to subsonic and transonic facilities using a sharp, smooth 10-deg 
included angle (5-deg half-angle) cone which came to be known as the 
AEDC Transition Cone. This correlation grew to include twenty-three 
different wind tunnels in all as this cone became a standard calibration 
body used by AEDC, the National Aeronautics and Space Administration 
(NASA), the U. S. Navy, and industry. Seven tunnels were included in 
Western Europe through cooperation with the governments of the United 
Kingdom, France, and the Netherlands. The Mach number range was 
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from 0.2 to 5.5 and thus overlapped with the previous investigation by 
Pate and Schueler. There were microphones flush-mounted on the 
cone surface for measurement of wind tunnel flow disturbances and 
accelerometers mounted internally to measure vibrations. 

Such a broad experimental study, involving thirty-one different 
wind tunnels in all between Pate and Schueler and Dougherty, Credle, 
and Steinle provided the necessary perspective in tunnel-to-tunnel 
correlation to reveal a flow disturbance environment influence. 
Reference flight values for tunnel-to-flight correlation are still as 
yet unavailable but are planned to be acquired on the AEDC Transition 
Cone at Edwards Air Force Base, California (Ref. 10). The flight 
data are planned to be acquired at a variety of altitudes over the Mach 
number range from approximately 0.4 to approximately 2.0. 

Another area of research in transition was performed by Potter 
(Ref. 11) on cones free-launched in a ballistics range at AEDC. These 
were cones of 10-deg half-angle, both smooth and roughened. Launches 
were performed at two Mach numbers, = 2.3 and 5.0. RangeM CD 
density level could be adjusted to give a very large variation in 
U CD! v CD. The significance of these transition measurements made in 
the ballistics range is that they were made during flight through still, 
undisturbed air since the cones flew at speeds greater than even that 
for sound transmission through the surrounding structure. The strik­
ing result of the range experiments was to reveal the existence of a 
very strong influence of UCDI v CD on transition Reynolds number, this in 
the absence of any significant free-stream disturbances. 

Much of the research spanning more than 20 years at AEDC has been 
focused on transition detection methods by means of schlieren, shadow­
graph, surface temperature and heat transfer, microphones, hot wire 
probes, and pitot probes as well as various sublimation and china clay 
techniques. Much of this work was in support of specific user test 
activities; but the main thrust of investigation has been toward improved 
understanding of the facilities. In order to take truly comparative data 
between different facilities, some experimental effort must be devoted 
to parametric studies of tip or leading-edge bluntness, surface rough­
ness - distributed and controlled - and to the effects of incidence, heat 
transfer, and humidity, all of which have influence on transition. The 
emphasis in this paper, however, will be on the facility comparison 
results with other factors discussed only from the standpoint of error 
analysis (degree of influence). 
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There was probably no case of sufficient documentation of free­
stream disturbance environment in the experiments described herein 
to lend a clear understanding of what mechanisms were active in the 
transition process. There were, however, a sufficient number of 
repeated test points in several of the facilities to gain the confidence 
that the setting of flow conditions in wind tunnels could be sufficiently 
repeatable that any aspect of the results in virtually any of the facili­
ties could be explored more fully at a later date. 

2.0 SLENDER CONE RESULTS IN WIND TUNNELS 

2.1 EXPERIMENTAL METHODS 

Shadowgraph views of the boundary-layer flow on 5-deg half-angle 
cones are shown in Fig. 1 which were taken in the von Karman Facility 
Tunnels A and B at AEDC (VKF A and VKF B) at Moo ~ 4. 4 and 8. O. 
The locations identified Xt and xT, respectively, will refer to onset 
and end of transition determined by a traversing pitot probe. The probe 
is moved axially in contact with the surface in the arrangement as 
shown in Fig. 2 in AEDC VKF A. Below the cone is a small fixed 
probe to measure flow incidence angle. A typical set of pitot pressure 
data from the traversing probe for Moo ?' 4.5 in VKF A is shown in 
Fig. 3. End and onset points are defined from the pressure data as 
indicated in the figure. Each trace represents a particular level of 
Dool v 00 at which the traverse was made while holding Moo and Dool V oo 
constant. Notice the regular waves that appear in the laminar region 
in both shadowgraph views well upstream of Xt. More discussion con­
cerning these waves will follow. 

This was the basic experimental procedure employed by Pate and by 
Dougherty and Credle using the traversing pitot probe: To vary Dool v 00 

while holding Moo constant by changing density. Density was adjusted 
over as much of the tunnel operating envelope as possible through 
variation in total pressure, Pt, while holding total temperature, Tt, 
constant. Time was allowed between data points as necessary to 
allow the cone to reach thermal equilibrium with the airstream and 
thus adiabatic wall conditions. A pitot traverse was made at each 
level of Doolvcr>' 

A cone of 5-deg half-angle, ec , has zero pressure gradient at zero 
incidence at supersonic Mach numbers above the Mach number for 
shock attachment which is 1.02. Below Moo = 1.02, there is a slight 
gradient which becomes more pronounced near the base region at 
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lower subsonic Mach numbers (see Fig. 4). The results given in Fig. 
4 have a theoretical origin from Wu and Lock (Ref. 12). . These results 
indicate that pressure gradient influence cannot be ignored on the aft 
portion of a Bc :: 5-deg cone at low subsonic Mach numbers if the 
results are to be compared to a flat-plate case. (Cone transition 
Reynolds numbers were always greater than those for the planar case 
for Moo below approximately 8, O. ) 

a. AEDC VKF A 

AEDC VKF B!' 
Figure 1. Shadowgraph views of boundary layer on cones. 
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Figure 2. Slender cone used for correlation experiments. 
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2.2 TUNNEL-TO-TUNNEL COMPARISONS 

Defining a length transition Reynolds number, ReT = (Da) v ,)xT, 
from the horizontal tangency to the peak in the pitot pressure over­
shoot as was done by Pate and by Dougherty and Credle, ReT is shown 
in Fig. 5 as a function of Men for three major wind tunnels at AEDC 
over a range in Moo from 0.3 to 6. O. These data are given for v.t-: 
held constant at 3.0 x 10 6, the units on kinematic viscosity being 
given in ft2/ sec, and the unit length being one foot. The agreement 
of results by Dougherty in VKF A with those by Pate on a different 
cone is good. Both cones had nominally 10 -uin. root-mean-square 
(rms) surface finish and tip bluntness less than 0.005 in. equivalent 
diameter. In addition to the data from VKF A, test results are pre­
sented in Fig. 5 from the Propulsion Wind Tunnel Facility Tunnels 
16T and 4T (AEDC 16T and 4T). The closed symbols for AEDC 16T 
and 4T denote results with the test section interior wall surfaces 
taped over. These two transonic tunnels have perforated test section 
walls with 60 -deg inclined perforations which emit intense discrete 
edgetones (aerodynamic whistling noise at frequencies in a band from 
approximately 500 Hz to 5 kHz) as described by Dougherty, Anderson, 
and Parker (Ref. 13) and by Credle (Ref. 14). The application of 
tape removed the edgetones from the free-stream disturbance spectra, 
reducing the overall rms noise amplitude by as much as a factor of 
three and increasing ReT at the subsonic Mach numbers by the incre­
ments shown. 

Tunnel~ 
0 AWC 16T 
6. AWC 4T 
0 AEDC VKF A (Dougherty) 
~ AEDC VKF A (Patel 

8.0 

7.0	 
0-<>4""'\ 

6.0 \\ ---~ i'	 0----1 
~	 ""'_0­
><	 ii5.0	 i
t""" •0:: 

4.0 

3.0 ~ 
~	 Be • 5 deg 

Uro/voo • 3.0 x 106 
2.0 Solid Symbols - Walls Taped 

1.0 
0 1.0 2.0 3.0 4.0 5.0 6.0 

Moo 

Figure 5.
 Transition Reynolds numbers on 
cones in three AEDC wind tunnels. 
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This was a significant experimental result to show that transition 
could be influenced by aerodynamic noise sources so low in frequency 
at these Mach numbers. Relatively poorer flow quality existed in the 
two PWT transonic facilities, if ReT is to be the indicator, when com­
pared to the supersonic and hypersonic tunnels of AEDC VKF. The 
flow quality can be improved by elimination of the edgetones. A 
perspective was gained through the comparative results obtained on 
the cone in three slotted-wall transonic tunnels and two tunnels with 
solid test section walls as shown in Fig. 6. Transonic tunnels were the 

Sym Tunnel Sym Tunnel 

0	 NASA/Ames 12 PT 0 NASA/Ames 9 x 7 SWT 
NASA/Langley 16 TOT D NASA/Langley 4 SPT•• NASA/Langley 8 TPT 0 NASA/Langley 4 SUPWT TS /I 1• NS R& DC 7 x 10 T LI NASA/Langley 4 SUPWT TS /12 

"V RAE Bedford 8 x 8 SWT 0 RAE Bedford 3 x 4 HSST 
8.0 

'f' 
0-­)( 
t" 4.0IX 

3.0 

2.0 
Be· 5 deg 
Um/voo • 3. 0 x 106 
Solid Symbols - Slotted Walls 

1.0 
0 LO ZO 10 ~O iO ~O 

Mm 
Figure 6.	 Transition Reynolds number on the 

AEDC cone in ten other wind tunnels. 

NASA/Langley Research Center 16-ft Transonic Dynamics Tunnel and 
8-ft Transonic Pressure Tunnel (NASA/Langley 16 TDT and 8 TPT, 
respectively), and the Naval Ship Research and Development Center 
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7 - x 10 -ft Transonic Tunnel (NSR and DC 7 x lOT), all of which have 
coarsely spaced slots in the test section. The two tunnels with solid 
test section walls are the NASA/ Ames Research Center 12 -ft Pres­
sure Tunnel (NASA/ Ames 12 PT) and the Royal Aircraft Establishment 
8 -f't Supersonic Wind Tunnel at Bedford, England (RAE Bedford 8 SWT). 
Results are shown in Fig. 6 from six other supersonic tunnels which 
are in close agreement with those from AEDC VKF A (which has a 
40 -in. x 40 -in. test section), These tunnels are the NASA/ Ames 9­
x 7 -ft Supersonic Wind Tunnel (NASA/ Ames 9 x 7 SWT), the NASA/ 
Langley 4 -ft Supersdnic Pressure Tunnel (NASA/ Langley 4 SPT), the 
two test sections of the 4-ft Supersonic Unitary Plan Wind Tunnel at 
Langley (NASA/Langley 4 SUPWT TS # 1 and # 2), and the Royal Air­
craft Establishment 3- x 4-ft High Speed Supersonic Tunnel (RAE 
Bedford 3 x 4 HSST). 

It should be noted in Figs. 5 and 6 that tunnel size does not appear 
to have any significance in these results, this being true for l\I ao from 
0.2 to approximately 2.5, which is the upper operating limit of the 
NASA/Ames 9 x 7 SWT. (The four tunnels which can operate above 
Mao = 2.5 in this group are all about the same size and thus would not 
reveal a size var-Iation Pate and Schueler (Ref. 7), in fact, showedi ) 

that there was significant influence of tunnel size in their empirical 
correlation for Moo ~ 3.0 in tunnels ranging in size from 1 x 1 ft to 
16 x 16 ft. This size parameter apparently was important in the 
radiation law governing aerodynamic noise intensity radiated to the 
model from the turbulent boundary layer on the tunnel walls. 

Other perforated-wall tunnels gave transition results similar to 
those in AEDC 4T and 16T as shown in Fig. 7. Data are shown in 
Fig. 7 acquired in the ONERA 6- x 6-ft S-2 Wind Tunnel at Modane, 
France, which has 60-deg inclined holes (ONERA 6 x 6 S2MA), and 
from the Calspan 8-ft Transonic Wind Tunnel (Calspan 8 TWT) and 
ARA, Ltd., 9- x 8-ft Transonic Tunnel at Bedford (ARA 9 x 8), both 
of which have normal holes. Results from one other tunnel, the NASA/ 
Ames ll-ft Transonic Wind Tunnel (NASA/Ames 11 TWT), are in­
cluded here also because this tunnel has finely spaced slots with cor­
rugated baffles that emit an intense organ-pipe whistling disturbance 
(see Ref. 9), A walls-taped experiment in the NASA/ AMES 11 TWT 
similar to that in AEDC 4T and 16T of covering the slots to eliminate 
the organ-pipe whistling likewise gave ReT values at subsonic Mach 
numbers significantly larger than without the walls taped. 
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Figure 7.	 Transition Reynolds numbers on the AEDC 
cone in other perforated wall tunnels. 

Clearly these perforated-wall ReT values as a family stand apart 
from those in Fig. 6 as being lower. The reason is apparently that 
the perforated-wall tunnels have higher test section levels of acoustic 
disturbance to which the cone boundary layer responds with earlier 
transition to turbulence. The noise levels were indeed higher in the 
perforated-wall tunnels than in the slotted-wall tunnels as measured 
by the cone microphones. Presented in Fig. 8a are overall rms 
levels of pressure fluctuations detected by the microphones in a band­
width from approximately 10 Hz to 30 kHz for selected representative 

tunnels. The pressure fluctuations, ...jp'2, have been normalized by 
qro and given in percent. Strouhal numbers based upon hole size are 
also shown in Fig. 8b, clearly revealing the holes to be the source of 
the noise. The advantage of using perforated walls in a transonic 
tunnel is a reduction in wall interference distortion as explained by 
Goethert (Ref. 15). The penalty has been that there are excessively 
high aerodynamic noise disturbances introduced to the free stream; 
however, as shown by Dougherty, Anderson, and Parker (Ref. 13), 
the noise can be suppressed by a suitable modification to the holes 
without compromising the favorable wall interference characteristics. 
The merit of such a modification to suppress the edgetones would be 
to bring transition Reynolds number trends in all transonic tunnels more 
closely in line as is evident in the walls-taped data in Figs. 5 and 7 

16
 



AEDC-TR-77·52 

compared with Fig. 6. Then the size of corrections for effective Reyn­
olds number shift between transonic tunnels might be significantly 
reduced. As shown in Fig. Sa for AEDC 16T as an example, edgetone 
suppression with walls taped effectively eliminated an acoustic reso­
nance problem in that tunnel near Moo = 0.71 and the reduction in noise 
level was even more dramatic in the ONERA 6 x 6 S2MA. 
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Figure 8.
 Pressure fluctuation measurements in six 
perforated-wall tunnels. 
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The slotted-wall transonic tunnels are not without noise problems: 
but the levels measured by the cone microphones were lower than 
those in perforated-wall transonic tunnels as shown in Fig. 9. Data 
presented in Fig. 9 have been selected as typical from the slotted-wall 
facilities. Results are given from the NASA/Langley 16 TDT, 8 TPT, 
the NSR & DC 7 x 10 T, and NLR 6.55- x 5. 28-ft High Speed Tunnel 
at Amsterdam (NLR 6.55 x 5.28 HST), Each of these tunnels has an 
acoustic resonance near Moo = 0.8: however, inspection of noise spec­
tra in most slotted tunnels revealed the predominant frequencies to 
be extremely low. In the case of the NASA/Langley 16 TDT, for 
example, the predominant frequency was 10 Hz. (Here the test medium 
was Freon® instead of air.) It was concluded the the frequency com­
ponents coming into resonance in these slotted-wall tunnels were so 

low « approximately 200 Hz) that the cone boundary layer was insensi­
tive to them and their influence on transition was nil. This conclusion 
was based upon the apparent lack of response in ReT to levels of over­
all noise amplitude increase by as much as a factor of three in these 

tunnels. Also presented in Fig. 9 are levels of ~ P 2/ qoo (in percent) 
measured in three of the supersonic tunnels - the NASA/ Langley 4 SPT, 
NASA/ Ames 9 x 7 SWT, and RAE Bedford 3 x 4 HSST - to show the 
much lower levels of aerodynamic noise found in the supersonic tunnels, 
particularly near Moo = 1. 5. These levels represent extrapolated values 
of noise that would exist under a laminar boundary layer based on read­
ings made at lower levels of Doo/ va> at each Mach number. Two steps 
were taken in attempting to obtain noise levels representative of the 
free-stream background in these tunnels. The first was low-pass 
filtering of the data to remove components near 48 kHz where micro­
phone diaphragm resonance at low free-stream ambient pressure was 
excited probably by unstable frequency components (laminar waves) 
leading to transition. The second was strict avoidance of reporting 
levels measured under transitional or turbulent boundary-layer condi­
tions, which raised the microphone output because of local turbulent 
pressure fluctuations. More discussion will follow concerning this 
first step in regard to the amplification of disturbances by laminar 
boundary layers and the difficulty of making these measurements 
using surface-mounted microphones. 

An example of the extrapolating technique used on the cone micro­
phones is given in Fig. 10. Data from the two microphones are given 
at Moo = 2.0 in the NASA/Langley 4 SPT as a function of Doo/v oo (Fig. 
lOa>. Transition locations on the cone at these conditions measured 
using the pitot probe are shown in Fig. lOb. Movement of the transi­
tion zone first over the aft microphone at x = 26 in. and then the 
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Figure 9.
 Pressure fluctuation measurement in eiW!t	 
transonic and supersonic tunnels.	 
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forward microphone at x =18 in. was sensed by the increases in 
microphone output. The trend of the laminar microphone data is that 

.J p'2!qa> decreases (while ReT increases) with (Ua>!va»-O. 5. There 
is a definite peak in each microphone output near the middle of the 
transition zone. This was followed by turbulent levels much higher 
than the laminar trend (open symbols). The extrapolated trend was 
based solely upon the laminar data (closed symbols) assuming this 
data trend would continue at higher Ua>! v <D if transition had not occurred. 
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Figure 10.	 Pressure fluctuation measurements at 

Moo = 2.0 for varied Reynolds number. 
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Transition data acquired in supersonic and hypersonic tunnels indi­
cated the existence of a trend that ReT ex (q) v oo)m, where m has some 
variation with Moo in a given tunnel and some variation from tunnel to 
tunnel. In order to illustrate this trend, results from the AEDC VKF 

A and the NASA/ Ames 9 x 7 SWT are presented in Fig. 11 as a function 
of Moo at constant levels of Doo/ v 00' A broad envelope of ReT versus 
Moo and Doo/ V oo existed in the NASA/ Ames 9 x 7 SWT as shown in 
Fig. 12. In contrast to these results given in Fig. 11 was the fact 
that no such trends with Doo/ v 00 were found in the transonic slotted-
wall tunnels as if m ';" a for Moo < 1.3. There were trends at high 
subsonic Mach numbers with »:»: in AEDC 4T and AEDC 16T 
only: however, these could be explained by variations in edgetone 
noise amplitude with Doo/ v 00 and that ReT appeared to be a function of 

oJ p'2/ qoo' There was no trend w ith Doo/v oo in the NASA/Ames 11 TWT 
for Dr) V aJ varied over a range from 1. 5 to 10 6/ ft to 6. a x 10 6/ ft; 

likewise, there was no trend to be found in ...j p'2 / qoo with Doo/ v 00' again 

suggesting that ReT was controlled by W/ qoo with ..J p'2 / qoo having 
variation only with Moo in this tunnel. The cone was tested in three 
transonic tunnels that operated at atmospheric total pressure only; 
thus there was no capability to control density. These tunnels were 
the ARA, Ltd. 9 x 8, the NASA/ Ames 14-ft Transonic Wind Tunnel 
(NASA/Ames 14 TWT), and the NASA/Langley 16-ft Transonic Tunnel 
(NASA/Langley 16TT). In these tunnels, Doo/v oo varied as a function of 

Moo and ReT appeared to vary as a function of ~ p '2 / qoo' 

The exponent m , where ReT ex (Doo/voo)m, found in supersonic and 
hypersonic tunnels is shown in Fig. 13. Shown in Fig. 13 are selected 
data acquired in the NASA/ Ames 9 x 7 SWT, AEDC VKF A, and the 
three NASA/Langley supersonic tunnels. The range in Doo/ V oo avail­
able in these tunnels to determine trends was from 1. 5 x 10 6/ft to 
7. a x 10 6/ ft maximum. The trends shown were based upon the meas­
urements of end-of-transition Reynolds number, ReT, only as meas­
urements of the point-of-transition onset, Xt' could not be made with 
the same fidelity as the end-of-transition point, xT' using the travers­
ing pitot probe. The data included are all from the same 5-deg half­
angle cone, the AEDC Transition Cone, with additional data from Patel s 
cone given for AEDC VKF A. The value of m , as shown in the Appendix 
(Fig. A-3), can change significantly with only very small changes in 
bluntness on both cone and planar bodies, the effect of increasing 
bluntness being generally to increase m , Some additional measure­
ments to derive m which were taken in the AEDC VKF Tunnels D and 
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E (which	 both have 12- x 12-in. test sections) are also shown in Fig. 
13. These data are given as examples from eight supersonic tunnels. 
This is still too small a sampling for clarification of a trend. The 
local Mach number, M<'), is used in this correlation of results in 
Fig. 13, the subscript <') being used to denote local Mach number 
obtained from theoretical cone tables given in Ref. 16. 
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Figure 11.
 Transition Reynolds number as a function of unit 
Reynolds number (supenonic tunnel example). 
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Less important than absolute values for m is the observation 
that m tends to increase with M 6 on cones and exhibits some varia­
tion from tunnel to tunnel. Much more data on one clearly defined 
body configuration (i. e., bluntness, surface finish, half angle) is 
needed to clear the issue of the unit Reynolds number effect in wind 
tunnels. Differences in apparent trend of m with Moo above and below 
approximately Moo ::: 2.0 on a 5 -deg half -angle cone may possibly be 
related to the active mode of instability leading to transition. Modes 
are discussed in Section 3.0. 

In closing this section on cone results in wind tunnels, a qualita­
tive illustration taken from Potter and Whitfield (Ref. 17) shows how 
transition Reynolds number continues to increase at hypersonic Mach 
numbers (Fig. 14). These data are given for local flow conditions 
(6) for various cone angles and tunnels at constant unit Reynolds num­
ber. These were all smooth, sharp cones. 
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Figure 14.	 Transition Reynolds numbers on cones 
in six hypersonic wind tunnels. 
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3.0 AEROBALLISTICS RANGE RESULTS VERSUS THE WIND TUNNEL 

A valuable set of data were those of Potter (Ref. 11) on cones in 
free flight in the AEDC Aeroballistics Range K of the von Karman 
Facility because they showed transition Reynolds number to be a func­
tion of (u(])/v(]»n, n being a value for transition in still, undisturbed 
air. Unfortunately, there was not a direct correspondence in the 
precise point in the transition process to be documented between wind 
tunnel and range measurements for it was necessary to rely upon 
shadowgraph and schlieren photographs for these cones in free flight. 
It was also necessary to correct the measurements on free-flight 
cones in the range for small angles of attack because of oscillations 
in incidence angle during flight. This could be done accurately in 
the plane of the photographic film only, such that there remained some 
error with respect to yaw angle. It is known that different instrumental 
techniques for transition detection give somewhat different locations 
for the most definable points in the transition process, where photo­
graphic techniques give a point early in the transition process as' it is 
defined by pitot probes. Accordingly, no attempt will be made to 
reconcile precisely what point with respect to pitot pressure profiles 
was documented by Potter except to remark that his transition Reyn­
olds number, Ret, was relatively low compared to the above values 
given for wind tunnels, Rather than absolute value for transition 
Reynolds number, the important aspect of comparing tunnel and 
range measurements was the trend to be seen with q) v (])' Virtually 
all experimental investigations of transition have indicated near 
constancy for the extent of the transition process; this is a ratio of 
U(])xl v (]) of approximately two for end of transition Reynolds number 
divided by the beginning of transition Reynolds number. Thus, 
there can be an expanse of a factor of two in U(])xlv(]) data given by 
various techniques. 

Potter's data (Ref. 11) are given in Fig. 15. The cone half-angle, 
Bc ' is 10 deg. The curve fit through these results gave Ret ex (U(])/v(]»)n, 
n being approximately O. 63. It can then be surmised that free transi­
tion in the absence of imposed disturbances isa function of Uool v 00 

although the reason that such a function should exist is not known. 
That transition Reynolds numbers should have different trends in 
wind tunnels in the presence of free-stream disturbances suggests 
simply that free-stream disturbances have controlling effects on 
transition. 

Some of the possibly most elucidating measurements of the effects 
of aerodynamic noise on transition which have been made are the 
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Figure 15.	 Transition Reynolds numbers on free-flight 
cones in AEDC Range K. 

microscopic measurements of Kendall (Ref. 18). Kendall's data 
showed excellent agreement with the linear stability theory developed 
by Mack (Ref. 19) at supersonic and hypersonic speeds. Kendall 
correlated hot wire measurements made in the transitioning boundary 
layer with measurements in the free stream in the 20-in. and 21-in. 
tunnels at the Jet Propulsion Laboratory (JPL) at Mach numbers 
between 1.65 and 8.5. These measurements concerned transition on 
a flat plate. Kendall was able to show that the free-stream disturb­
ance field radiated from the tunnel wall turbulent boundary layer was 
driving the boundary layer at Mach numbers in the range from 3.0 to 
5.6. A lower level of correlation was reported by Kendall at Mach 
numbers in the range from 1.6 to 2.2. Mack, in turn, was able to 
predict analytically the transition Reynolds numbers measured by 
Kendall using linear stability theory and measured free-stream dis­
turbance spectra in the wind tunnel. The theory predicts that the 
first mode for oblique three-dimensional wave propagation (rj; = 60 
deg) should be most unstable around Moo = 3. O. Then a second mode 
at l/J = 0 deg with higher unstable frequencies should be active around 
Moo =5.0 to about Moo =8. O. Amplification level at a particular 
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qJJxl v00 and predicted transition Reynolds number vary with Moo as 
shown in Fig. 16. The flat-plate trends (theoretical in Fig. 16b) 
bear strong resemblance to those on the fJc = 5-deg cone given in 

Fig. 6 above, although the relative levels are lower for a flat plate 
than were measured on the cone. Furthermore, Mack (Ref. 19) 
found the exponent m to be a function of Moo for the flat-plate case 
with the JPL tunnel disturbance spectra used as an input. 

The laminar waves observed in AEDC VKF A with a high­
resolution shadowgraph system and shown in Fig. l a are possibly 
the most amplified waves of the first t/J = 60-deg mode predicted by 
Mack for flat-plate transition but appearing on a cone also. The 
high-resolution photographs of laminar waves in AEDC VKF B (Fig. 
16) have been reported by Demetriades (Ref. 20) at Moo =8.0. In 
the VKF B photographs the wavelength was shorter and the wave 
inclination angle steeper, and as observed by Demetriades possibly 
corresponded to the second t/J = 0 -deg mode predicted by Mack. 
Regular waveforms have also been observed in the photographs of cone 
boundary-layer flow in the aeroballistics range (see Ref. 11). That 
such regular waveforms should be observed experimentally with such 
regular wavelength intervals in both wind tunnel and range tests bears 
strong testimony to the theoretical concept of selective wave ampli­
fication modes in laminar boundary layers leading to transition. It 
is remarkable that regular wave patterns should be seen in the wind 
tunnels as well as in the range, the flow conditions in the range being 
apparently disturbance-free, those in the wind tunnels being apparently 
dominated by broadband continuous random -type noise spectra. 

Some additional comments about the range Ret data are that the 
cones were only 5 in. in length and the extremely high unit Reynolds 
numbers, 7 x 10 6 ~ Uoo/ v CJJ ~ 90 x 10 6, produced very thin boundary 
layers. At UCJJlv CJJ =3.0 x 10 6 in the wind tunnels, for instance, the 
boundary layer at transition was much thicker than on the cones in 
the range relative to two important parameters, tip bluntness and sur­
face finish. The factor of two scatter in the range data points at any 
given UCJJ/ v CJJ is not excessive, considering the extremely small lengths 
to be measured on these small cones, that photographic measurements 
are essentially instantaneous and not time averaged, and that transi­
tion movements with respect to incidence angle variations in free 
flight can be large. Still, it is clear in these range data on cones 
that Ret had a very strong variation with Uoo/v oo' much stronger than 
in any of the wind tunnels. 
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More subtle considerations in the comparison of range and wind 
tunnel results on these cones include greater tip bluntness relative 
to boundary-layer thickness, {j, at transition for the free-launched 
cones than for the cones in the wind tunnels. To what degree that tip 
bluntness effects may have influenced the range data is an open ques­
tion. The nose radius of 0.005 in. was selected for the free-launched 
cones because it was large enough to be reproducible. Tip bluntness, 
it is suspected only by conjecture, may have been more likely to have 
had an influence in the range data than surface finish with respect to 
distributed roughness, the possible exception being minute surface 
blemishes near the tip. Another consideration is moisture in the free­
stream flow about the cones, which introduces losses across the bow 
shock and some departure in local flow conditions on the cones from 
the theoretical local values. Yet another consideration is the thermal 
effect in the boundary layer which can be different between cones at 
thermal equilibrium in wind tunnels and cones which have been rapidly 
accelerated to terminal Mach number during launch in the range. 
This effect would appear in TwiTaw influence as the influence of heat 
transfer alters the stability characteristics of a laminar boundary. 
Still another more subtle consideration is local tip heating at the very 
high dynamic pressures in the range. 

The documentation concerning control over the range experiments 
was extensive and may be found in Ref. 11. The ability to exercise 
control in ground test free-flight experiments relative to other methods 
of obtaining free-flight data makes the aeroballistics range a signifi­
cant investigative tool. 

4.0 CORRELATION OF WIND TUNNEL DATA 

The empirical correlation of Pate and Schueler (Refs. 6 and 7) 
has as its basis that the aerodynamic noise radiated by turbulent 
boundary layers on wind tunnel walls has controlling influence on 
transition for 3.0 ::;. Moo :s. 8.0. The correlation is given as follows: 

0.0141 (Cf) -2.55 ~. 56 + O. 44 (~9] 

J¥ 
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and 

10.5(Cf}-1.66 [0.56 +0.44 (~)] 

--:$c 
''

These two trend curves tend to come together for the tunnel wall 
boundary-layer conditions that occur at Moo -+ 8.0 (low Cj) and diverge 

as Men -+ 3.0 (higher C f), implying that [( ReT) .1 R e T1I[oJ cone J planar 
is a function of Men and then has dependency on Uool v en and tunnel size 
as well. Pate (Ref. 21) has shown that slight adjustment of constants 
in the above equation for cones gives an adequate fit to transition 
data at even higher hypersonic Mach numbers. Dougherty (Ref. 22) 
has shown that the planar equation gives an adequate fit to data at 
lower Men down to 2.0 for a tunnel of low free-stream turbulence 
level (AEDC 168). This implication of low turbulence level in AEDC 
168 stems from the fact that Laufer (Ref. 23) had demonstrated that 
high stilling chamber turbulence level in a wind tunnel has pronounced 
effect on transition at Moo < 2.5 but no measurable effect for :\1(02:. 2, 5. 

Pate's cone/planar correlation for 3. 0 ~ Moo ~ 8.0 is given in the 
Appendix (Fig. A-2). The utility of this correlation with tunnel wall 
boundary layer Cj and 0,:,1/2 lies in the fact that these boundary-layer 
properties can be measured accurately. There has been great dif­
ficulty associated with making representative measurements of free­
stream background noise in supersonic wind tunnels. This is because 
of the inherent dependency of the measurements of noise on character­
istics of the particular transducer and precisely how and where the 
measurements are made. The effect of noise on transition is implied 
herein from the observation that the noise imposed on the test model in 
these tunnels has primary dependence upon the tunnel wall skin friction, 
Cj , and then dependence upon boundary-layer thickness and tunnel size. 
The values used for Cf represent a mean turbulent skin friction near 
the tunnel test section midlength, recognizing that in some tunnels 
there can be significant differences between boundary-layer develop­
ment on the vertical side walls and the horizontal walls, depending 
upon details of the nozzle design. 

Correlation of direct noise measurements to wall boundary-layer 
properties in wind tunnels has been sketchy and the results sometimes 
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ambiguous. Notable among the attempts to quantify noise levels in 
supersonic and hypersonic tunnels has been the recent empirical corre­
lation by Stainback and Rainey (Ref. 24), which has helped to clarify 
the issue. One of the first to recognize that the aerodynamic noise 
field radiated from turbulent boundary layers on the walls of high-speed 
tunnels tended to scale in amplitude with Cf was Laufer (Ref. 25). 

Although it can be imagined that the distribution of eddy vorticity 
in turbulent boundary layers will follow certain definable growth 
patterns and provide sound field spectra from these vortex sources 
of a prescribed spectral distribution, the variation in amplitude of the 
sound field with Moo and Uool v 00 has not been clearly defined. In super­
sonic flows, the sound waves are propagated across the free stream 
at the Mach angle as a fluctuating Mach wave pattern from a moving, 
spatially random, time-stationary pattern of turbulent sources. 
Statistical correlation tends to reveal consistently a downstream 
apparent convection velocity of disturbances, Uc' from turbulent 
boundary layers of O. 6 U00 (see Ref. 26, for example) regardless of 
what portion of the spectrum is examined and regardless of Moo being 
greater or less than] .0. One might then imagine an apparent height 
within the boundary layer from which the disturbances have origin, 
that corresponding to Utv: = 0.6. This location is close to the wall 
for all Moo, but there is a critical Moo below which O. 6 Uoo has a local 
Mach number less than unity and above which exceeds unity. Is there 
a significant difference in sound generation characteristics for vortic­
ity sources in subsonic regions of flow from those in supersonic 
regions is a question germane to the determination of the sound field 
far from the source. Furthermore, there is a compressibility effect 
at higher Mach numbers associated with how the local density at the 
site of sound-producing vortex eddies varies relative to free-stream 
density. This density variation can be estimated from a direct ratio 
of temperatures throughout the boundary layer (density ratio having 
proportionality with the inverse of temperature ratio) as was done by 
Lowson (Ref. 27). The Crocco velocity-temperature relationship and 
observation of whether the wall is insulated or conducting defines the 
temperature. 

The complexity in defining how the boundary-layer sound field 
varies is soon appreciated in just attempting to define the source 
strength. Greater complexity still is encountered upon attempting 
to define propagation characteristics. Interest in this sound field, 
of course, stems from the inferred correlation by Pate and Schueler 
that the sound controls transition Reynolds number and is represented 
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so simply by Cf and 0,:,1/2. Judgment in attempting to measure this 
sound field is extremely important because the overall rms ampli­
tude propagated to the far field is not the same as that produced 
locally at the wall. As a first approximation, a number of investi­

gators, Lilley (Ref. 28), for example, have proposed that ~ 
has a prescribed proportionality to the wall shear stress, 7'w, or 

that ~(p 2/q) / (7'w / q) = constant within a certain range of v»!«: 
The value of this constant appears to vary with Moo' and more 
experimental data are needed to verify what this value is over a 
broad range of Moo and Uoo/ V oo and indeed if the approximation is 
valid in the far-field where free-stream disturbances arrive at the 

test model. Lilley (Ref. 28) proposed that -oJ p'2 /7'w at the wall 
increases from 2.2 for Moo close to 0 to 5.6 at Moo:: 10. Lader­

man (Ref. 29) has shown ~7'w to be about the same as proposed 
by Lilley at the wall but to be substantially lower in the free stream: 
e. g., 0.4 at Moo :: 3.0 increasing about 1. 1 for Moo =9. O. 
Maestrello et al. (Ref. 30) made measurements in AEDC 16S at 

Mach numbers 1.6 and 2.2 showing ."Jp'2 / 7'w to be about 5.0 on the 
tunnel wall which is consistent with Lilley's observations. 

The correlation of data in supersonic and hypersonic tunnels 
obtained by Pate and Schueler is shown in Fig. 17. The planar 
data are shown for reference in the figure. The trends of the planar 
data may be found in Ref. 7 and other appropriate references and 
win not be elaborated in this report. The free-stream disturbances 
in these tunnels have continuous, broad band random-type spectra, 
free of significant discrete-type disturbances and it can be inferred, 
since correlation is achieved with properties of the tunnel wall 
boundary layer alone, that there are no contributions of stilling 
chamber vorticity or temperature stratification acting on transi­
tion to any significant extent in these tunnels. 

In other tunnels, such as the perforated wall transonic tunnels, 
it is necessary to consider direct measurements of disturbance 
level such as microphone measurements of fluctuating pressure 
because of the presence of discrete-type disturbances such as 
edgetones. No simple radiation law can be formulated for subsonic 
flows containing these disturbances because duct acoustic rever­
beration characteristics of the test section playa strong role in 
disturbance amplitudes by selective wave amplication (see Ref. 9). 
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The disturbances originating from perforations and slots have origin 
from vortex interactions with the wall geometry to produce the dis­
crete tones and these tones are superimposed on otherwise continu­
ous broadband boundary-layer noise. Thus, qco is the natural choice 
for a normalizing parameter in characterizing vortex strength in 
the regular vortex boundary-layer interactions with the wall just as 
it is for random vortex structures within the layer. At subsonic 

Mach numbers, when -.Jp"2/qco was much above O. 6 percent, the 
spectra virtually always revealed predominance of certain discrete 
or clustered disturbances in narrow bandwidths, and resonance is to 

be characterized by increases in {f:l/ qez> above that approximately 
constant level of O. 6 in subsonic flows. 
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Figure 17.
 Correlation of transition Revnolds number in 
supenonic and hypenonic wind tunnels. 
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The correlation of ec = 5-deg cone data obtained by Dougherty 
is shown in Fig. 18 with 

giving an adequate fit to a large collection of data over the Mach 
number range from 0.3 to 4.5 and unit Reynolds number range from 

1 . 5 x 106 to 7.0 x 106. The level of ~ p'2 / qoo ranges nearly two 
orders of magnitude, whereas ReT (based upon free stream rather 

00 

than local, (j, flow properties) for this correlation was due to the 
fact that the correlation excludes hypersonic conditions where 
(ReT)(j/ReT deviates appreciably from unity and that the effort oo 
to estimate (U /v)(j locally at transition at subsonic conditions was 
not made. This correlation as it is presented is therefore inde­
pendent of Mach number, unit Reynolds number, and tunnel size. 
While it is clear that ReT has a definite dependency upon the dis­
turbance levels in wind tunnels from the data given in Fig. 18, the 

( ..J p'2 / qoo) -0.25 trend shown contains a gross oversimplification 
of the actual problem. There is a great multiplicity of types of 
disturbances involved considering spectral composition, phase, and 
directivity of the disturbances. 

The only data which have been excluded from the correlation in 

Fig. 18 for which both ReT and ..Jp' 2 /qoo were available are the data 

in slotted-wall transonic tunnels within the range from 1/{2 :!.VI 00 

RES 

to {2Moo ,where Moo is the Mach number at which .J;2/qoo
RES RES 

peaks. These are the data for which the resonance in ..Jp' 2 was 
identified to occur at low frequencies « 200 Hz) which did not appear 
to be influencing transition as mentioned earlier. A more proper 
correlation might have been based upon high-pass filtered measure­

ments of ..Jp ' 2 to remove these disturbances in slotted wall tunnels, 
but this would have introduced some arbitrariness in the selection 
of filter cutoff frequency which could not be defended rigorously on 
a theoretical basis. The usual basis for bandwidth considerations 
of admissible disturbance frequency has been the neutral stability 
boundary for the particular boundary layer under study. However, 
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the large amplitude edgetones in the perforated wall tunnels lie 
below theoretical neutral stability limits and yet had an influence 
on ReT (as verified by the walls-taped experiments). These 
edgetones may represent a case of forced oscillations in the 
boundary layer as opposed to natural growth of infinitesimally 
small disturbances treated by stability theory. 

Symbols Same as in Figs. 5, 6, and 7 

10.0 
8.0"P 

o 6.0->< 
4.0 
3.0 

2.0 

~o. 25 
_ ReTrn = (3.7x 1(6)[Jp~2/qm x 100J 

<c>> 
___ ... "0--. 

~~--'" ~ ----­
------._~'-i»:' ~_-~.-----~_Ib co_ 

Bc = 5 deg l -""':66 ~ 
Zero Incidence ±20-per~~~t ­
Adiabatic Wa II Deviation 

0.10 0.20	 0.40 1.0 2.0 4.0 

Jp~2/qm x 100, percent 

Figure 18.	 Correlation of cone transition Reynolds numbers 
with pressure fluctuation level. 

The basic objective to show how transition Reynolds numbers 
vary in wind tunnels and how transition is influenced by the free­
stream disturbances has been satisfied for gross engineering pur­
poses of being able to estimate transition locations in wind tunnels 
on a particular body of defined geometry 0, e., sharp slender cone), 
This has now been done for a broad range of flow conditions and a 
large number of tunnels, including most of the tunnels at AEDC and 
many outside AEDC. Still, even for such simple model geometry, 
little is known about the physics of the phenomena observed over 
most of the range of variables considered in the experiments. If 
one wishes to improve upon the accuracy wtthwhich transition 
predictions might be made or to extend what has been learned from 
the cone experiments to bodies of some other geometry, the great 
difficulty in doing so can be appreciated by reading once again 
Vlor-kovi nvs critical review in Ref. 4. 
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5.0 CURRENT STATE OF CONFUSION 

The experimental data show that the natural disturbances found 
in conventional wind tunnels have an influence on transition Reynolds 
numbers, this being true for subsonic, transonic, supersonic, and 
hypersonic tunnels. There is correlation between the amplitude of 
disturbances, where measurements are available, to the transition 
Reynolds number scaling of transition sensitive aerodynamic data. 
In many tunnels, supersonic and hypersonic in particular, ReT is 
not constant with q)voo and complicates the scaling. Furthermore, 
there appears to be significant variation in the Uoov00 trend on a 
given body with Moo and from one tunnel to another at the same Moo. 
The degree of sensitivity, reflected in (ReT)6 0: (U/v)T or ReToo 
0: (Uool v oo)m, is strongly affected by even slight changes in geometry 
of the body, e. g., tip or leading-edge bluntness. 

Available free-flight data on cones through still air in an aero­
ballistics range indicate the existence of a strong (U I v) 6 effect on 
(Ret)6 0: (U/v)~, n being much greater than in wind tunnels at com­
parable Moo' Although the variations in ReT with Moo and Uoo I Vcr> 

In wind tunnels might be explained by correlation with absolute 
amplitude of disturbances in wind tunnels and how the disturbances 
vary with Moo and Uool vcr>' a point of confusion arises upon attempt­
ing to reconcile the experimental observations with the known sta­
bility characteristics (receptivity) of laminar boundary layers. This 
confusion centers about the question of which has the greater influence 
on determining transition Reynolds number - the absolute level of 
free-stream disturbances in the frequency range that can be amplified 
or the inherent stability characteristics of the boundary layer. The 
answer undoubtedly lies in there being some combination of both. 

Consider again the relative amplification factor for each of the 
three predominant modes given by linear stability theory (AI A 1)max'
in Fig. 16 and one sees strong compressibility effect in the level of 
(AI A 1) as a function of Mach number, The first mode isM 1.max 
excited to much greater amplification as M1 -+ 0 than it is at M1 = 2.0 
by two orders of magnitude or more. This is consistent with the cone 
data where ReT is approximately one-half the level near Mach 2.0 as 
the Mach number goes to O. The local minimum in ReT on the cone 
near Moo =3. 0 (Figs. 5 and 6) is consistent with the appearance of 
the first mode at if; = 60 deg with an amplification factor nearly 40 
times that at Mach 2. o. The gradual shift from the first if; =60 -deg 
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mode to the second 0 =0 -deg mode at an amplification factor nearly 
20 times greater occurs near Mach 5.0. 

These estimated amplification factors given above are for the 
most-amplified frequency component of the spectrum where actually 
there is a fairly broad band of frequencies above and below the most 
amplified extending to the neutral stability limits. There are 

successively lower amplification rates for the frequencies approach­
ing these limits. Selective filtering of the disturbance data in the 
attempt to remove frequencies in the bands which would be amplified 
may not be actually feasible in laminar boundary layers. The pres­
sure fluctur-ation measurements of Fig. 9 are influenced both by the 
disturbances within the laminar boundary layer and by the free-stream 
disturbances. The latter disturbances were measured, of course, 
after they had passed through the laminar boundary layer and thus 
the resulting measurements have some unknown inherent distortions. 
The correlation of pressure measurements is based on the assumption 
that the laminar boundary-layer disturbances and the distortions in 
free-stream disturbances are similar in all cases. The levels found 

in transonic tunnels, i , e., 0.4 to 3.0 percent .ff;"2/qoo, seem to be 
repeatable with good fidelity under either laminar or turbulent boundary­
layer conditions, so long as the transition zone itself is avoided. An 
accurate measurement in a laminar layer may be impossible, not 
from lack of dynamic range of the sensor but from the fact that it 
rivals the level to which small disturbances in boundary layers are 
amplified naturally. 

Answers to many of these questions may be obtained in the next 
planned major experimental research effort involving AEDC. This 
is to acquire flight test data on the same ()c = 5-deg cone (the AEDC 
Transition Cone) over an envelope in Moo from 0.4 to 2.0 using the 
same instrumentation as used in the wind tunnels. With representa­
tive free-flight data in hand on a body for which representative wind 
tunnel data have been obtained, this correlation presented in Fig. 18 
may be validated with flight reference values to give these wind tun­
nel data an absolute rather than just a relative quantification. Until 
such data are available, uncertainties in how to correlate ReT from 
one body to another, in correlating one detection technique with 
another, in correlating data from facilities of different size are large 
enough to rival the ±20 percent uncertainty band in Fig. 18 from the 
same cone and render the usefulness of the needed reference point nil. 

Research to date has indicated that transition Reynolds number 
does respond to free-stream disturbances in wind tunnels to a suf­
ficient extent as to provide a good indicator of certain aspects of 
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wind-tunnel flow quality. More research is needed in free-stream 
disturbance measurements over very broad bandwidths including 
instruments other than surface-mounted microphones to clear the 
issue of	 precisely what it is that the instruments measure and how 
can the disturbances best be characterized. For compressible flows 
such measurements must include pressure, velocity, density, and 
perhaps temperature sensing to sort out the relative coupling occur­
ring between any two of the above variables from these disturbances 
associated with acoustic wave propagation and those associated with 
the convection of vorticity. The eventual successful application of 
stability theory to more complex flows will require a much more 
complete knowledge of the disturbance environment contained in 
that flow. The long-range benefits to be realized from this research 
will be in pay-offs from improved understanding in aerodynamic test­
ing and in the prediction of flight vehicle performance. 

The focus of investigation on the end of transition Reynolds num­
ber, ReT' as stated earlier, has merit from the standpoint of greatest 
fidelity in measurements. There is the additional merit that it repre­
sents a point in boundary-layer development where all of the factors 
influencing transition have completed their action in both linear and 
nonlinear processes. Certainly more microscopic experiments 
such as those which have been performed by Kendall are needed for 
verification of regimes of transitioning flow where compressible 
linear stability theory, compressible nonlinear stability theory, and 
descriptions of eventual spreading of turbulent spots to fully developed 
turbulence may be applicable for high-speed flows. 
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APPENDIX
 
TRANSITION EXPERIMENTS - ERROR ANALYSIS - SECONDARY EFFECTS
 

Body Geometry 

First and foremost in correlation experiments is the necessity for 
control over body geometry. Since it is impossible to fabricate two 
bodies of perfectly identical geometry, e. g., surface finish, bluntness, 
surface flatness, symmetry, best correlation should be obtained on 
a single body which is maintained in a constant configuration through­
out the sequence of tests. Barring no occurrences of damage, for 
smooth bodies maintenance means careful polishing with fine-grade 
rouge to within finish tolerances and removal of dirt, grease, and 
even fingerprints from the surface. Still the surface finish will have 
some unevenness, and the transition front will inevitably have some 
nonuniformity. Tests of the effects of roughness by Potter (Ref. 
11) and by Potter and Whitfield (Ref. 31) have given results such as 
those shown in Fig. A-1. These results indicate that there is a 
critical roughness element height, kr, above which transition will 
be influenced and below which there is little influence. Thus, the 
degree of polishing required for repeatable results is somewhat for­
giving and the model can withstand even some particulate impact 
roughness from contamination in wind tunnel now without deleterious 
effects. Polishing to a surface finish of 5 to 10 ~in. in these cone 
experiments (determined by a surface profilometer with a diamond­
point stylus of 500-~in. radius) was probably sufficient that rough­
ness variations over these limits were not a serious contributor 
to data scatter. 

Albeit true that the disturbance environment in wind tunnels has 
an influence on transition, the wind tunnel can be used for parametric 
study of geometric effects (bluntness, conical vs planar, pressure 
gradient, sweep angle) with controlled surface finish. Changes can 
even be studied with time as in the case of ablation where bluntness, 
shape, and surface finish are all changing. Furthermore, useful 
experiments on artificial trip devices for transition fixing can be 
made for a constant-disturbance-environment now, recognizing that 
there could be interaction between the action of the trip device and 
the action of the disturbance environment. As pointed out by Pate 
(Ref. 6), the correlation of transition between flat plates and cones 
is not even easily defined, but data for M 2:. 3.0 indicate a variation 
to exist with Moo as shown in Fig. A-2. To be able to predict transi­
tion on complex three -dimensional bodies with pressure gradients 
will be even more difficult. Progress in this area will likely draw 
heavily from empirical data correlations. 
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A set of experimental data on leading-edge bluntness by Potter 
and Whitfield (Ref. 31) is given in Fig. A-3. These data indicate 
that bluntness has significant influence on boundary-layer growth 
and transition and that bluntness control is a significant factor in 
obtaining comparative data between facilities or between facilities 
and free-flight. In the limit, a sharp leading edge is preferred. 
While the limiting case of zero bluntness is impossible to realize 
in practice, acquisition of data at several bluntness values permits 
extrapolation to the limiting sharp case. 

Incidence Angle 

Data obtained by Dougherty and Steinle on the sharp, smooth, 
9c = 5-deg cone used in these correlation studies (the AEDC Transi­
tion Cone) are shown in Fig. A-4 to illustrate that small incidence 
angle at supersonic speeds has pronounced influence on transition. 
The degree of influence apparently increases to a maximum at 
supersonic speeds near Moo = 2.2. If repeatability in transition 
results is to be achieved at these high speeds, control over 
incidence angle to within approximately ±O. 2 deg is critical to 
hold the transition zone within about 15 percent on a slender cone. 
Variation in sensitivity to incidence with Moo may be related to 
particular modes of instability as well as the cross-flow Reynolds 
numbers as parameters. 

Heat Transfer 

The influence of nonequilibrium in thermal conditions can pro­
duce significant transient movement in free transition. Heat transfer 
effects (small changes) are: (a) heating of the body by the free­
stream results in earlier transition and (b) cooling of the body will 
delay transition. Adiabatic wall conditions are desirable for any 
experiments which would isolate effects of free-stream disturbances 
on transition. At hypersonic speeds, flow conditions in wind tunnels 
generally tend toward large departure in the ratio Tw/Ta w from 
unity to values of O. 5 or even less. At those conditions, effects of 
heat transfer necessarily require some attention because Tw/ Taw 
is much less than unity. For M(J)~ 4, approximately, Tw/Taw"" 1.0 
is realizable provided sufficient time is allowed in the conduct of the 
experiment to achieve thermal equilibrium. 
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Heat-transfer effects can be significant at subsonic Mach numbers 
as was well illustrated by one simple test in AEDC 4T by Dougherty 
and Credle at M m = 0.6. An excursion in total temperature, Tt, of 
approximately 30 min produced the shift in transition Reynolds number 
shown in Fig. A-5 of 50 percent. Heat transfer is a critical parameter 
in transition correlation with potentially large influence if not con­
trolled. 

Humidity 

The specific humidity of water vapor in a wind tunnel airstream 
is difficult to measure, much less to isolate as an influence variable 
on transition. The first problem with humidity arises from alteration 
of Mach number and Reynolds number locally about the body because 
of losses in total pressure recovery across the bow shock when con­
densation is present. Condensation in normal stagnation bow shocks 
(blunt body) begins to become a problem at approximately M m > 1.75. 
Very little experimental data are available for quantification of isolated 
effects of humidity and condensation on transition. 

General Observations 

Even with the very best of control over secondary influence 
parameters to minimize their effects on data to be correlated, it must 
be remembered that transition is a dynamic phenomenon which is in­
herently nonstationary, both in temporal and spatial context. Transi­
tion fronts have natural restlessness if viewed instantaneously, and 
some time as well as spatial averaging can be useful for improving 
statistical certainty in defining a transition location. How the averag­
ing that is best done varies with what aspect of the transition process 
is being sensed by the instrument used for transition detection (L, e. , 
pitot pressure, velocity or pressure fluctuations, surface heat flux, 
or density gradients). A correlation of transition data within ±20 
percent probably approaches as good an accuracy as should be expected. 

The subject of transition detection is a whole treatise in itself as 
each method tells something different about the transition process, the 
sum total of them adding together to characterize the whole of events 
taking place. Of all of them there is not one that is wholly suitable 
for all situations. The best idea, therefore, is to pick one method 
that gives some point that can be defined the same way all of the time 
and to stick with it throughout. This is an idea to which the authors 
subscribe. Choice of detection means should be guided by the specific 
objectives of the experiments. 
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There still exists the need for both macroscopic and microscopic 
experimentation in transition. Detailed microscopic experiments 
have provided the needed experimental basis for verification of theo­
ries which will eventually describe the transition phenomenon. The 
meticulous detail required to perform such experiments precludes 
testing at many test conditions because of the time and expense 
involved in making such measurements. Macroscopic experiments 
featuring less detail about the transition process but revealing the 
behavior of transition over a broad range of test conditions are also 
useful, relying upon microscopic experiments at selected conditions 
for discovery of the active mechanisms of transition. The two types 
of experiments are therefore to be viewed as being complementary. 
The primary contribution of the AEDC experiments has been macro­
scopic but fairly comprehensive in the scope of test conditions and 
eligible variables considered. 
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NOMENCLATURE 

Initial (or reference) amplitude of an arbitrary 
disturbance 

Maximum amplification factor for A 1 at a specified 
u<rJxl V eo 

Amplitude of a disturbance at the neutral stability 
point 

Arbitrary constant reference amplitude 

Leading-edge radius of a planar body, in. 

Turbulent skin-friction coefficient, .,wi qeo 

Tunnel test section perimeter, ft 

Reference tunnel test section perimeter of 4 ft 

Frequency, Hz 

Characteristic length dimension of a perforation 
which emits edgetones, ft 

Wave number, an integer, 1, 2, 3, - -­

Roughness element height, root-mean-square, J.,lin. 

Cone length, ft 

Arbitrary reference length dimension, ft 

Local Mach number on a cone 

Free-stream Mach number [Also M l, see Mack (Ref. 19)J 

Free-stream Mach number at which resonance occurs 

for certain components of the spectrum W 
m An exponent, determined empirically 

n An exponent, determined empirically 

p	 Local static pressure, psfa 

Total (or stagnation) pressure, psfaPt 
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Fluctuating static pressure level measured locally by 
a microphone flush-mounted on a surface, root-mean­
square (time-average, frequency-integrated over a 
bandwidth from approximately 10 Hz to approximately 
30 kHz), psf 

Free-stream static pressure, psfa 

Dynamic pressure based upon fluid density at an 
arbitrary location, 112 P U(J)2, psf 

Dynamic ~ressure of the free-stream flow, 
1/2pooU cn =y/2PooMoo2, psf 

A relative length of transition Reynolds number 
computed from linear stability theory (see Mack, 
Ref. 19) 

End-of-transition length Reynolds number based 
upon free-stream conditions (unless otherwise 
specified), (UcoxT)/voo 

Ratio of end-of-transition Reynolds number at 
angle of attack to that at zero incidence 

Ratio of end-of-transition Reynolds number at 
yaw angle to that at zero incidence 

End of transition length Reynolds number based 
upon cone local conditions, (U I v) {j xT 

A length-of-transition Reynolds number obtained 
by schlieren or shadowgraph near the beginning 
of transition, (U I v) {j Xt 

Strouhal number, nondimensionalized frequency 
for edgetones, hf/U oo 

Adiabatic wall recovery temperature, "R 

Total (or stagnation) temperature, "R 

Body surface temperature, oR 

Free-stream static temperature, "R 

Apparent convection velocity for measured 
disturbances (different from U (J)' ftl sec 

Local velocity on a cone, ftl sec 

Free-stream velocity, rtl sec 
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w 

x 

l' 

{j 

U1:: -'­~I" 

v 

Local unit Reynolds number on a cone, ft- 1 (or in. -1, 
if specified) 

Unit Reynolds number based upon free-stream condi­
tions with dimensions (unless otherwise specified), 
fe 1 

An arbitrary length Reynolds number based upon free­

stream conditions
 

A length Reynolds number for specified x based upon
 
free-stream conditions
 

A subscript to denote local conditions at the wall
 

A length dimension measured along a surface from
 
the body tip or leading edge (stagnation point),
 
in the direction of flow, ft or in.
 

End-of-transition distance from tip or leading edge,
 
ft or in.
 

Onset or beginning-of-transition distance from tip or
 
leading edge, ft or in.
 

Angle of attack, deg
 

Yaw angle, deg
 

Ratio of specific heats of fluid medium
 

Local boundary-layer thickness in ft , or- subscript
 
used to denote local flow conditions on a cone
 

Local boundary-layer displacement thickness, ft or in.
 

Cone semivertex angle, deg
 

Dynamic viscosity, (lbf-sec)/ft2
 

Dynamic viscosity evaluated locally on a cone,
 
Obf- sec) / ft 2
 

Dynamic viscosity evaluated at free-stream condi­

tions, (lbf-sec)/ft2
 

Kinematic viscosity, M/P, ft2/ s e c 

Kinematic viscosity evaluated locally on a cone, 
M{j / P{j' ft2/ sec 

Kinematic viscosity evaluated at free-stream condi­
tions, Moo/ Poo , ft2/ sec 
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p	 Density of the fluid medium at an arbitrary 
location, Ibm/ft3 

Density of the fluid medium in the free stream, 
Ibm/ft3 

Turbulent boundary-layer shear stress at the 
wall, psf 

Propagation angle for disturbances in a laminar 
boundary layer leading to transition, deg 

. , 
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